-INTRODUCTION
The basic idea of a double shock-release experiment is to impact two axlsymrnetric flyer pl&tes, sepe~atea by a void, on a target to elicit material responses to multiple shocks and releases in a single experiment. In principle, there is no limit to the multiplicity of shocks and releases, similar to static cyclic loading. The interest in such experiments stems from its promise to become a new probe to extend our knowledge of the material response to shock loading into important unexplored areas such as the spalling under successive shocks and releases and the kinetics of phase transition with variable load duration.
The purpose of this study was to simulate numerically the results of double shock-release experiments performed on PMMA /1/ using two general purpose wave propagation codes available at Army Materials Technology Laboratory.
Since double shock-release experiments Involve, by definttion, complex histories of material deformation, numerical modeling plays a key role in not only interpreting data, but also designing experiments.
-DOUBLE SHOCK-RELEASE EXPERIPTENTS IN PMMA
I n the double shock-release experiments described in /I,', two flyer disks, separated by a vcid, were impacted on a FMMA target. The impact velocities of 0 . 2 and 0 . 4 km/s were chosen to generace the estimated Peak stress of 0 . 3 7 7 and 0 . 7 6 GPa respectively.
The selection of these velocities was based upon the information from extensive single shock experiments thzt pp1"A is nonlinear elastic to 0 . 7 4 2 GPa, but that above 0 . 3 5 8 GPa shock profiles show features which may be attributed to viscoelastic behavior and/or an irreversible volume change The dimensions of the flyers and the target were chosen so that one dimensional strain conditions prevailed during the recording of shocks and releases in the target by commercial manganin gages.
The gap of the flyers was varied so that the impact of the second flyer took place just at the time when the first shock was completely Unloaded from the back surface of the first flyer. The observables, i.e., parameters measured in the experiments, were impact velocity, shock velocities, leading and trailing edge release wave velocities and magnitude of stresses. For instance, the measured peak stresses for the impact velocity of 0.2 and 0.4 km/s were 0.377 and 0.763 GPa respectively. In contrast, the values of Hugoniot elastic limit reported in /2,3/ are 0.358 and 0.742 GPa. The differences are within the normal error range of about 5% associated with manganin gages.
-WAVE PROPAGATION CODES AND CONSTITUTIVE MODELS
The simulation of the above described experiments was conducted by using two general purpose wave propagation codes: DYNA2D and KOH. DYNA2D was used for elastic and linear viscoelastic calculations, and KOH for calculations involving an irreversible volume change. DYNA2D is an explicit, two-dimensional, axisymmetric and plane strain, finite element computer code for analyzing the large deformation dynamic and hydrodynamic response of solid materials.
Presently, neither formal nor informal documentation exists for the code except the user's manuals /4/. KOH is a similar general purpose wave propagation code available at Army Material Technology Laboratory. It is a one dimensional explicit, finite difference, Lagrangian code.
Presently, no documentation exists on KOH.
Both of the codes are organized to accept new material models of an] complexity.
However, the insertion of a new, well characterized material model into such a code is a major under taking.
Therefore, what we attempted in this study was to investigate key features of the double shock-release experiments using existing material models in DYNA2D and KOH. We have not tried to optimize model parameters to fit measured wave profiles.
The elastic material model assumes constant shear modulus and pressure as a cubic function of current density given by 2 3 P = C 0 + C 1 r + C 2 r + C 3 r , where Ci are constants and r is the ratio of current density over initial density. The viscoelastic model is linear and the rate sensitivity is described by the shear relaxation given by
where Gi and G are the short-and long-time shear moduli respectively, and b 9s the decay constant. The model involving a volume change is basically an elastic-perfectly plastic model that under goes a n irreversible phase transformation.. The equation of state is irreversibly adjusted such that at the transition pressure (0.385 GPa) the Hugoniot has a smooth contact with the Rayleigh line / 2 / . The model is based upon evidence that although PMMA shows the existence of a Hugoniot elastic limit, no elastic precursor had yet been observed The m a t e r i a l c o n s t a n t s CO o r -~3 were d e t e r m i n e d by l e a s t -s q u a r e -f i t s of t h e c u b i c e q u a t i o n o f s t a t e t o u l t r a s o n i c d a t a t o 1 . 0 GPa / 5 / .
The v a l u e o f s h e a r modulus was assumed t o b e t h e v a l u e a t t h e h a l f -h e i g h t of m e a s u r e d s h o c k p r e s s u r e , 0.377 GPa. The r e s u l t i n g c o n s t a n t s a r e : 
The s e l e c t i o n of t h e decay c o n s t a n t was b a s e d upon i n i t i a l t r i a l r u n s .
The
n a n d i s g i v e n by P = 0 . 0 5 + 5 . 9 2 r + 32 r 2 + 130 r3, i n 1 0 0 GPa.
Below t h e t r a n s i t i o n p r e s s u r e , t h e e q u a t i o n of s t a t e i s t h e same as t h a t f o r t h e e l a s t i c c a l c u l a t i o n d i s c u s s e d a b o v e .

-DISCUSSIONS Agreement s e e n i n F i g . 1 b e t w e e n t h e c a l c u l a t e d and m e a s u r e d e l a s t i c p r o f i l e s i s v e r y g o o d . The n o n -l i n e a r e l a s t i c model a p p e a r s t o c a p t u r e q u a l i t a t i v e a s w e l l as q u a n t i t a t i v e f e a t u r e s o f t h e m e a s u r e d d o u b l e s h o c k -r e l e a s e p r o f i l e s . The c a l c u l a t e d v a l u e s o f s h o c k v e l o c i t i e s , l e a d i n g a n d t r a i l i n g e d g e r e l e a s e wave v e l o c i t i e s , and m a g n i t u d e o f s t r e s s e s a r e w i t h i n a f e w p e r c e n t o f t h o s e m e a s u r e d . The minor d i f f e r e n c e i n t h e a r r i v a l t i m e o f t h e f i r s t s h o c k f r o n t may b e a t t r i b u t e d t o s u c h f a c t o r s a s t h e s e l e c t i o n o f m a t e r i a l c o n s t a n t s a n d t h e a r t i f i c i a l v i s c o s i t y u s e d t o s p r e a d s h o c k f r o n t s .
A l a r g e c u r v a t u r e i n u n l o a d i n g e d g e s i s t h e r e s u l t o f wave d i s p e r s i o n caused by n o n -l i n e a r e l a s t i c b e h a v i o r . The c u r v a t u r e i n t h e s e c o n d shock i s g r e a t e r b e c a u s e o f t h e i n f l u e n c e o f t h e u n l o a d i n g d i s p e r s i o n i n t h e c l o s i n g o f t h e g a p b e t w e e n t h e f i r s t and t h e s e c o n d f l y e r p l -a t e s . A r a m p i n g a n d a s p i k e i n t h e m e a s u r e d s e c o n d s h o c k p r o f i l e i s n o t y e t w e l l u n d e r s t o o d . They m i g h t b e c a u s e d by e l e c t r o n i c n o i s e s .
The s i m u l a t i o n o f t h e e x p e r i m e n t a t t h e f l y e r v e l o c i t y of 0.4 km/s (shock s t r e n g t h o f 0.766 GPa) was p e r f o r m e d t o s t u d y t h e two d i f f e r i n g e x p l a n a t i o n s of t h e PMMA b e h a v i o r a b o v e i t s HEL. I t i s s a i d t h a t a b o v e 0.365
GPa, PMMA i s n o n l i n e a r v i s c o e l a s t i c and u n d e r g o e s a n i r r e v e r s i b l e v o l u m e c h a n g e / 2 , 3 / .
The u s e o f t h e v i s c o e l a s t i c model w a s m o t i v a t e d t o e x p l a i n t h e o b s e r v e d r o u n d i n g o f t h e l e a d i n g e d g e i n b o t h t h e f i r s t and s e c o n d shock.
T h i s r o u n d i n g phenomenon, a n a l y z e d i n g r e a t d e t a i l i n / 3 / , was a t t r i b u t e d t o a r a t e -s e n s i t i v e o r v i s c o e l a s t i c b e h a v i o r , and i s known t o become p r o n o u n c e d a b o v e 0.7 GPa.
A c o m p a r i s o n of t h e c a l c u l a t e d v i s c o e l a s t i c p r o f i l e w i t h t h e m e a s u r e d one i s i n r e a s o n a b l e a g r e e m e n t w i t h t h e p o s s i b l e e x c e p t i o n of peak s t r e s s . E s s e n t i a l f e a t u r e s of t h e r a m p i n g a n d t h e c u r v a t u r e i n u n l o a d i n g a r e c a p t u r e d e v e n by t h i s s i m p l e v i s c o e l a s t i c model.
T h e r e a r e , h o w e v e r , q u a l i t a t i v e d i f f e r e n c e s b e t w e e n t h e u n l o a d i n g p r o f i l e s of second shock.
The obvious explanation for the difference is the linearity of the model behavior. But it may also be attributable to (1) that the model is viscoelastic only in loading, and (2) that there may be an irreversible volume expansion resulting from bond breaking around 0.4 GPa. Extension of the model to include nonlinear viscoelastic behavior on DYNA2D is a complicated task and was not undertaken in this phase of the project. In stead, we stud.ied an elastic-plastic model having an irreversible volume expansion as proposed in /2,3/.
The irreversible volume expansion at the HEL of PMMA (0.385 GPa) is said to be caused by bond breaking. However, no elastic precursor due to the transition was observed experimentally.
The lack of a precursor is not yet fully understood, but one possible explanation i s that the pressure derivative of the expanded material is equal to or greater than the slope of the Rayleigh line.
This condition is basically equivalent to the stability requirement for the propagation of a single shock.
The calculated profile in Fig.3 is based upon the equation of state constructed to satisfy the stability condition discussed in the previous paragraph. The calculated and measured profiles are in very good agreement.
In fact, the elastic-plastic model seems to capture features of the measured profile much better than the linear viscoelastic model. Judging f rom the matching of the second unloading profile, we surmise that in the range of stress we studied the irreversible volume change is the dominant inelastic behavior of PMMA.
The oscillation in the leading edge of the first calculated shock front is a mathematical artifact and rounding, if any, is caused by the artificial viscosity. The oscillation can be eliminated in principle by increasing the magnitude of the linear part of the viscosity.
-CONCLUSIONS
It has been shown that simulation is a necessary, quantitative tool in the analysis as well as in the design of double shock-release experiments. As a test of code capabilities we calculated stress wave propagation in double shock experiments in PMMA.
Although these calculations were preliminary, they revealed key features of the double shock-release experiment in PMMA.
These features are the enhanced wave dispersion in the trailing edge of unloading profiles due to nonlinear elasticity, the deterioration of second shock front due to visco-elasticity, and the influence of an irreversible volume expansion.
However, in order to deal with complex material behavior such as those found in PMMA, and to consider the influence of gauge responses on wave profiles, particularly above the elastic limit of gauge material, calculations must involve an iterative procedure in which computations, experiments, and constitutive model developments are successively refined until a satisfactory solution is achieved. A sustained and concerted research program is necessary to achieve such a goal. 
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F i g . 1. Comparison o f a measured e l a s t i c wave p r o f i l e i n PMMA w i t h a n e l a s t i c model c a l c u l a t i o n .
Comparison of a measured wave p r o f i l e i n PMMA w i t h a v i s c o e l a s t i c model c a l c u l a t i o n .
